Cancer immunotherapy has emerged as a promising therapeutic intervention. However, complete and durable responses are only seen in a fraction of patients who have cancer. A key factor that limits therapeutic success is the infiltration of tumors by cells of the myeloid lineage. The inhibitory receptor signal regulatory protein-α (SIRPα) is a myeloid-specific immune checkpoint that engages the "don't eat me" signal CD47 expressed on tumors and normal tissues. We therefore developed the monoclonal antibody KWAR23, which binds human SIRPα with high affinity and disrupts its binding to CD47. Administered by itself, KWAR23 is inert, but given in combination with tumor-opsonizing monoclonal antibodies, KWAR23 greatly augments myeloid cell-dependent killing of a collection of hematopoietic and nonhematopoietic human tumor-derived cell lines. Following KWAR23 antibody treatment in a human SIRPA knockin mouse model, both neutrophils and macrophages infiltrate a human Burkitt's lymphoma xenograft and inhibit tumor growth, generating complete responses in the majority of treated animals. We further demonstrate that a bispecific anti-CD70/SIRPα antibody outperforms individually delivered antibodies in specific types of cancers. These studies demonstrate that SIRPα blockade induces potent antitumor activity by targeting multiple myeloid cell subsets that frequently infiltrate tumors. Thus, KWAR23 represents a promising candidate for combination therapy. 
Cancer immunotherapy has emerged as a promising therapeutic intervention. However, complete and durable responses are only seen in a fraction of patients who have cancer. A key factor that limits therapeutic success is the infiltration of tumors by cells of the myeloid lineage. The inhibitory receptor signal regulatory protein-α (SIRPα) is a myeloid-specific immune checkpoint that engages the "don't eat me" signal CD47 expressed on tumors and normal tissues. We therefore developed the monoclonal antibody KWAR23, which binds human SIRPα with high affinity and disrupts its binding to CD47. Administered by itself, KWAR23 is inert, but given in combination with tumor-opsonizing monoclonal antibodies, KWAR23 greatly augments myeloid cell-dependent killing of a collection of hematopoietic and nonhematopoietic human tumor-derived cell lines. Following KWAR23 antibody treatment in a human SIRPA knockin mouse model, both neutrophils and macrophages infiltrate a human Burkitt's lymphoma xenograft and inhibit tumor growth, generating complete responses in the majority of treated animals. We further demonstrate that a bispecific anti-CD70/SIRPα antibody outperforms individually delivered antibodies in specific types of cancers. These studies demonstrate that SIRPα blockade induces potent antitumor activity by targeting multiple myeloid cell subsets that frequently infiltrate tumors. Thus, KWAR23 represents a promising candidate for combination therapy.
cancer immunotherapy | SIRPA | myeloid cells | bispecific antibody | humanized mouse C ancer immunotherapy utilizes the power and specificity of the host's immune system to eliminate malignant diseases and has become one of the most promising therapeutic interventions in the field (1) (2) (3) (4) . However, currently available immunotherapies face several obstacles that prevent complete and durable response rates in many patients who have cancer. For example, currently approved immunotherapies target only a fraction of tumor-infiltrating immune cells. Additive or synergistic treatment efficacy may therefore be achieved by targeting immune cells other than T and natural killer (NK) lymphocytes. In addition, tumor cells frequently develop resistance to chemotherapy and immunotherapy, which leads to incomplete tumor regression, dissemination, and metastasis of drug-resistant cancer cell clones (5, 6) . In particular, cells of the myeloid lineage play a key role in limiting successful cancer therapy (7) . Myeloid cells frequently infiltrate tumors, modulate tumor angiogenesis and inflammation, are associated with tumor resistance to chemotherapy and checkpoint blockade, and promote metastasis (8) (9) (10) (11) (12) (13) . One example of how tumor cells escape myeloid cell-dependent killing is to upregulate the antiphagocytic "don't eat me" signal CD47 (14) . Whereas CD47 is expressed on tumors and normal tissues, its ligand, signal regulatory protein-α (SIRPα), has a limited expression pattern, with high levels of expression on macrophages, dendritic cells, neutrophils, and neurons (15, 16) . SIRPα is a transmembrane protein with a cytoplasmic region containing immunoreceptor tyrosine-based inhibition motifs, which facilitate binding of the tyrosine phosphatases SHP-1 and SHP-2 (17) . As such, SIRPα is a myeloid-specific immune checkpoint and represents a promising target for cancer immunotherapy. We therefore developed the anti-human SIRPα antibody KWAR23, analyzed its crystal structure and binding characteristics, and determined its therapeutic efficacy in eliminating tumor cells in vitro and in vivo. We further show that a bispecific anti-CD70/SIRPα antibody offers increased antitumor activity compared with individually administered antibodies in specific types of renal cancers. Together with antibodies that target tumor-infiltrating T and NK cell lineages, this antihuman SIRPα antibody may represent a promising candidate for combination therapies, which may achieve durable responses and may be more effective in treating metastatic cancers.
Results
Generation and Validation of Anti-Human SIRPα Antibody KWAR23.
We obtained monoclonal antibodies against human SIRPα by immunizing mice and screening hybridomas for clones able to
Significance
Cancer immunotherapy is a promising therapeutic intervention. However, complete and durable responses are only seen in a fraction of patients who have cancer. Although cells of the myeloid lineage frequently infiltrate tumors and limit therapeutic success, currently approved immunotherapies primarily target tumorinfiltrating T and natural killer lymphocytes. The inhibitory receptor signal regulatory protein-α (SIRPα) represents a myeloidspecific immune checkpoint that engages the "don't eat me" signal CD47. Here, we developed an anti-human SIRPα antibody, KWAR23, which in combination with tumor-opsonizing antibodies, greatly augmented neutrophil and macrophage antitumor activity in vitro and in vivo. Thus, KWAR23 may represent a promising candidate for combination therapies and may achieve durable responses in a greater number of patients with cancer.
neutralize the interface between SIRPα and CD47 using a flow cytometric assay with yeast-displayed SIRPα and recombinant CD47. Clone KWAR23 showed strong expression and potent SIRPα antagonism, and was selected for further characterization. We determined the crystal structure of Fab fragments of KWAR23 bound to the IgV domain of human SIRPα (Fig. 1A and Table S1 ). Examination of the complex revealed that KWAR23 binds SIRPα at an epitope overlapping with the SIRPα/CD47 interface, indicating a basis for competitive antagonism of the SIRPα/CD47 interaction (Fig. 1B) . A binding competition assay confirmed the specificity of the interaction between KWAR23 and SIRPα on the surface of THP-1 cells, a human acute monocytic leukemia cell line that expresses SIRPα (Fig. 1C) . Surface plasmon resonance analysis of the binding kinetics of KWAR23 Fab fragments to the SIRPα IgV domain revealed high-affinity binding (K d = 2.6-6.7 nM) to the two most prevalent alleles ( Fig. 1 D and E) . KWAR23 bound SIRPα expressed on human monocytes and neutrophils but minimally bound human B and T cells, which are known not to express SIRPα (Fig. 1F) . The EC 50 of KWAR23 binding to SIRPα on human CD14
+ monocytes was between 0.267 and 0.385 μg/mL (Fig. S1 ). In nonhuman primates, such as cynomolgus and rhesus macaques, KWAR23 bound SIRPα on CD14
+ monocytes with an EC 50 of 0.338 and 0.4, respectively, which was comparable to the binding affinity in human donors.
KWAR23 Induces Human Macrophage-Dependent Phagocytosis in Human
Tumor-Derived Cell Lines. We next evaluated the therapeutic activity of the anti-human SIRPα antibody KWAR23 alone or in combination with tumor-opsonizing antibodies, such as the anti-CD20 antibody rituximab ( Fig. 2A) . CD20-expressing Burkitt's lymphoma cells were incubated with human macrophages in vitro, and the phagocytosis index was measured after treatment with therapeutic antibodies. In combination with anti-CD20 antibodies (rituximab, obinutuzumab, or anti-CD20 antibodies of different Ig isotypes), KWAR23 significantly augmented phagocytosis of Burkitt's lymphoma cells (Fig. 2 B-D) . Similarly, KWAR23 increased macrophage phagocytosis of DLD-1 colorectal adenocarcinoma cells opsonized by two different epidermal growth factor receptor (EGFR)-targeting antibodies, cetuximab and panitumumab, which differ in their heavy-chain isotypes (Fig. 2E ). In combination with cetuximab, KWAR23 also increased phagocytosis of four different colon adenocarcinoma lines, regardless of downstream mutations in the EGFR signaling pathway (Fig. 2F) . Notably, KWAR23 alone did not induce macrophage phagocytosis of nonopsonized tumor cells. These results indicate that the therapeutic activity of KWAR23 applies to hematopoietic and nonhematopoietic tumor cells, is driven by antibody-dependent cellular phagocytosis, and does not lead to generalized unspecific augmentation of phagocytosis.
KWAR23 Enhances Human Neutrophil and Macrophage Antitumor Activity in Vitro. Since both macrophages and neutrophils express SIRPα and are frequently found in tumors, they represent promising targets for anti-SIRPα antibody therapy. We therefore assessed the ability of human macrophages and neutrophils to kill opsonized tumor cells in vitro following treatment with KWAR23. Our antibody significantly augmented macrophage-mediated phagocytosis of carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled Burkitt's lymphoma cells, human epidermal growth factor receptor 2 (HER2)-expressing SK-BR-3 breast cancer cells, and DLD-1 colorectal adenocarcinoma cells following treatment with the anti-CD20 antibody rituximab, anti-HER2 antibody trastuzumab, or anti-EGFR antibody cetuximab ( Fig. 3 A-C) . Importantly, the effectiveness of KWAR23 to induce macrophage-mediated phagocytosis of tumor cells was dependent on an optimal concentration of tumor-opsonizing antibodies. Likewise, KWAR23 augmented neutrophil-mediated killing of CFSE-labeled KWAR23 Exhibits Effective Antitumor Activity in a Human SIRPA Knockin Mouse Model. To evaluate the therapeutic activity of the anti-human SIRPα antibody KWAR23 in vivo, we employed a mouse model in which the extracellular domain of mouse Sirpα was replaced by human Sirpα, and we crossed this mouse to a Rag2 −/− Il2rg −/− background (SRG mouse) (18) . The homozygous knockin of human Sirpα corresponded to a knockout of mouse Sirpα. Flow cytometric analysis revealed high expression of human SIRPα on Ly6C hi monocytes, Ly6G
+ neutrophils, F4/80 + macrophages, and CD11c + dendritic cells, as well as high expression of human CD47 on Burkitt's lymphoma cells (Fig. S2) .
We next performed s.c. engraftment of 5 × 10 6 Burkitt's lymphoma cells into the flank of SRG mice and initiated treatment with therapeutic antibodies upon visible formation of tumors (Fig. 4A ). While treatment with rituximab or KWAR23 alone did not impact tumor growth, the combination of both antibodies led to strong inhibition of tumor growth in SRG mice (Fig. 4B ). Long-term treatment (21 d) with rituximab and KWAR23 led to partial or complete remission in six of nine mice (Fig. 4C ). The treatment of large tumors (170-300 mm 3 ) with rituximab and KWAR23 antibodies also led to significant reduction of tumor growth (Fig. 4D ). Treatment with rituximab and KWAR23 did not affect the frequency of tumor-infiltrating cells (Fig. 4E ). Of the CD45 + tumorinfiltrating mouse cells, 25% were neutrophils and 40% were Ly6C hi macrophages (Fig. 4 F and G). Antibody treatment did not affect the composition of tumor-infiltrating myeloid cell subsets. However, independent of treatment, we noticed a higher percentage of CD11c + CD11b − dendritic cells and a slightly lower percentage of neutrophils in the tumor compared with peripheral blood (Fig. 4 F and H).
KWAR23 Enhances Neutrophil and Macrophage Antitumor Activity in SRG Mice. While macrophages have been shown to be successful targets for cancer immunotherapy, the role of neutrophils remains less characterized (19) . To address the individual contributions of tumor-infiltrating macrophages and neutrophils to tumor growth inhibition by the KWAR23 antibody, we used clodronate to deplete phagocytic cells or an anti-Ly6G antibody to deplete neutrophils (Fig. 5A) . Depletion of target populations in the blood before the start of the treatment was highly efficient (Fig. S3A) , and the target populations were still absent in the blood and tumor at the end of the experiment (Fig. S3 B and C) . Depletion of Ly6G + neutrophils in SRG mice treated with rituximab and KWAR23 led to increased tumor growth (Fig. 5B) . Similarly, administration of clodronate, which removed CD11c + CD11b + macrophages in the tumor (Fig. S3C ), led to increased tumor growth (Fig. 5B) . These results indicate that both macrophages and neutrophils frequently infiltrate tumors, are targets of anti-SIRPα antibody therapy, and are both capable of inhibiting tumor growth in vivo.
Therapeutic Activity of a Bispecific Anti-Human CD70/KWAR23 Antibody.
We next determined whether KWAR23 could be combined with a tumor-opsonizing antibody other than rituximab, which would allow . wt, wild type. Mean ± SEM is shown. *P < 0.05; **P < 0.01; ****P < 0.0001.
treatment of tumors that do not express CD20. Human CD70 is an antigen with limited expression in normal cells but high expression in malignancies, such as non-Hodgkin lymphoma, multiple myeloma, renal cell carcinoma, and glioblastoma (20, 21) . Thus, anti-CD70 antibodies are being pursued as a therapeutic target for cancer immunotherapy (22, 23) . Since CD70 is expressed on most B cell malignancies, including Burkitt's lymphoma cells (Fig. S2B) , we injected Burkitt's lymphoma cells into SRG mice and treated them with the anti-CD70 antibody vorsetuzumab and KWAR23. Similar to our results with rituximab, treatment with vorsetuzumab and KWAR23 led to strong inhibition of tumor growth in SRG mice (Fig. 5C ). These results demonstrate that KWAR23 can be combined with antibodies that target different tumor antigens, thereby broadening the application of anti-SIRPα cancer immunotherapy. Bispecific monoclonal antibodies, which are fusion proteins that bind two different antigens, have been developed to facilitate engagement of the immune system (24) . By binding multiple antigens simultaneously, they can increase avidity, enhance Fcreceptor engagement, and further bridge effector and target cells. We therefore developed a bispecific anti-human CD70/ KWAR23 antibody (Table S2 ) and compared its therapeutic efficacy with that of the individually administered monoclonal antibodies. In vitro experiments show that KWAR23 only moderately induced macrophage phagocytosis of four different renal carcinoma cell lines (RCC4, RCC10, TK10, and Caki-1) following incubation with the anti-human CD70 antibody vorsetuzumab (Fig.  5D) . However, the bispecific anti-human CD70/KWAR23 antibody significantly enhanced phagocytosis of RCC10 and TK10 renal carcinoma cells, compared with treatment with vorsetuzumab or the combination of vorsetuzumab and KWAR23. KWAR23 or anti-CD47 alone did not induce macrophage phagocytosis of nonopsonized tumor cells compared with PBS treatment. In vivo, the bispecific antibody effectively inhibited Burkitt's lymphoma cell growth in SRG mice, but did not outperform the combination of the two individual therapeutic antibodies (Fig.  5C ). These results indicate that a bispecific anti-human CD70/ KWAR23 antibody enhances tumor cell killing of certain cancers, and may outperform individually administered antibodies in these cases.
Discussion
With numerous tumor-opsonizing antibodies and checkpoint inhibitors approved and even more agents under evaluation for clinical use, antibody-based therapy for cancer has become one of the most successful and important strategies for treating patients with malignancies (25). However, a major challenge in the field of cancer immunotherapy is that complete and durable responses are only achieved in a fraction of patients with cancer. Combination immunotherapy, which targets not only different regulatory pathways in immune and cancer cells but also different types of tumor-infiltrating immune cells, may represent a promising approach to induce a rapid and durable antitumor response and prevent therapy-induced resistance, dissemination, and metastasis of cancer cells (26) . Although myeloid cells frequently infiltrate tumors, modulate tumor angiogenesis, are associated with tumor resistance to chemotherapy and immune . Mean ± SEM is shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
checkpoint blockade, and promote metastasis (8, 10) , an immunotherapeutic approach that specifically targets myeloid cell subsets has not been clinically approved. The CD47/SIRPα axis is emerging as one of the most promising new immunotherapeutic targets, and a number of clinical trials are now underway to evaluate CD47/SIRPα blocking therapies (27) . All agents currently under clinical investigation target CD47 directly. Since CD47 is ubiquitously expressed on normal cells throughout the body, this raises the potential for ontarget toxicity to healthy cells and a large "antigen sink." Given its more restricted tissue expression, direct targeting of SIRPα provides a potential strategy to overcome these obstacles.
We therefore developed the monoclonal antibody KWAR23, which binds human SIRPα with high affinity and disrupts its binding to CD47. Administered by itself, KWAR23 was inert, but given in combination with the tumor-opsonizing antibody rituximab, KWAR23 greatly enhanced antibody-dependent killing of a human tumor xenograft in SRG mice. The finding that KWAR23 alone did not enhance myeloid cell-mediated killing of tumor cells may be indicative of a favorable side-effect profile.
Mice treated with KWAR23 did not show any immune cell infiltrates in the brain and did not exhibit any apparent neurological abnormalities. This is in accordance with studies of SIRPα knockout mice, which did not manifest any embryonic or postnatal developmental deficiencies (28) . Treatment with vorsetuzumab and KWAR23 augmented macrophage-dependent phagocytosis of renal carcinoma cells in vitro and outperformed treatment with an anti-human CD47 antibody (Fig. 5D) . These results indicate that although targeting CD47 may offer additional SIRPα-independent effects, KWAR23 represents a highly effective myeloid-specific checkpoint inhibitor. In vitro experiments also showed that targeting CD47/SIRPα interactions in human neutrophils potentiated trastuzumab-mediated antibody-dependent cellular cytotoxicity (ADCC) against breast cancer cells (29) . By using syngeneic mouse models, another study showed that an anti-mouse SIRPα antibody attenuated the growth of SIRPα-expressing renal cell carcinoma and melanoma cells (30) . Whereas these studies indicate that SIRPα is a promising new immunotherapeutic target, our study demonstrates the in vivo antitumor activity of neutrophils and macrophages in a human SIRPA knockin mouse model following treatment with an Mean ± SEM is shown. *P < 0.05; **P < 0.01; ****P < 0.0001 (unpaired two-tailed Student's t test).
anti-human SIRPα antibody.
In addition, we demonstrate that a bispecific anti-human CD70/SIRPα antibody outperforms individually administered antibodies in certain types of cancers. Remarkably, the potent antitumor activity of KWAR23 in SRG mice was achieved in the absence of T, B, and NK cells. Tumor-opsonizing antibodies, such as rituximab, have been shown to induce killing of cancer cells via antibody-dependent cellular cytotoxicity by NK cells (31) . CD47 blockade has also been reported to trigger T cell-mediated destruction of immunogenic tumors, for example, by enhancing cytosolic sensing of tumor cell-derived DNA in a stimulator of interferon genes (STING)-dependent manner (32, 33) . These studies suggest that the efficacy of treatment with rituximab and KWAR23 observed in our SRG mouse model is likely to be even higher in the presence of NK and T cells. A recent study showed that macrophages were more efficient at phagocytosis of hematopoietic than nonhematopoietic tumor cells, in response to SIRPα-CD47 blockade, which depended on the ability of SLAMF7 to interact with the integrin Mac-1 (34) . However, our results indicate that combination treatment of KWAR23 with a tumoropsonizing antibody was highly efficient in killing both hematopoietic (Raji) and nonhematopoietic (colorectal adenocarcinoma, mammary gland carcinoma, and renal carcinoma) human tumor-derived cell lines. Importantly, the therapeutic success of KWAR23 treatment was independent of the EGFR pathway mutation status in four different colon adenocarcinoma lines, highlighting the potential of KWAR23 as a universal candidate for combination therapy in patients with tumor-infiltrating myeloid cells.
Several studies have shown that the depletion of specific myeloid cell subsets, such as neutrophils, macrophages, and myeloidderived suppressor cells, inhibits tumor growth and improves the efficacy of checkpoint blockade (7, (35) (36) (37) (38) . However, myeloid cells themselves are able to kill tumor cells, and leukemia cells, for example, up-regulate CD47 to avoid macrophage-mediated phagocytosis (14) . In addition, macrophages and dendritic cells play a key role in presenting tumor cell-derived antigens to CD8 + and CD4
+ T cells, thereby supporting T cell-mediated destruction of tumor cells (39) (40) (41) . Instead of depleting antigen-presenting phagocytic cells, which may also eliminate potential beneficial effects, we utilized the large number of myeloid cells in the tumor environment to specifically enhance their antitumor activity by using KWAR23. Interestingly, our results suggest that treatment with rituximab and KWAR23 in SRG mice was more effective in inhibiting tumor growth than the depletion of neutrophils or phagocytic cells. This does not even take into account any additive or synergistic effects that may be conveyed by T, B, or NK cells.
In summary, we show that KWAR23 binds with high affinity to SIRPα expressed on human myeloid cell subsets, thereby blocking SIRPα-mediated inhibitory signaling and augmenting killing of antibody-opsonized tumor cells. Our results further demonstrate that KWAR23 targets neutrophils and macrophages, and that both of these cell subsets contribute to tumor growth inhibition in vitro and in vivo. SIRPα blockade thus represents a promising approach in cancer immunotherapy as it targets multiple myeloid cell populations, which frequently infiltrate tumors, promote tumor metastasis, and mediate resistance to chemotherapy and checkpoint blockade (11, 35, 42, 43) . Together with therapeutic antibodies that target other tumor-infiltrating immune cells, our KWAR23 antibody represents a promising candidate for combination therapies that may facilitate rapid and complete elimination of tumors. Since neutrophils and macrophages are critically important for the dissemination and metastatic colonization of circulating tumor cells (44) , the KWAR23 antibody may also be more effective in treating locally invasive and metastatic cancers.
Materials and Methods
Generation of Anti-Human SIRPα Antibody KWAR23. Mice were immunized with the recombinant IgV domain of human SIRPα (allele 1) by AbPro, Inc., with a proprietary adjuvant formulation and immunization schedule. Hybridoma supernatants were screened for SIRPα binding and CD47 blockade by application to yeast displaying human SIRPα and secondary staining with antimouse IgG and the biotinylated Ig domain of CD47. Clone KWAR23 exhibited high expression yield and potent SIRPα blockade and was selected for further characterization. The KWAR23 heavy-and light-chain V-region sequences were obtained by 5′-RACE PCR of hybridoma cDNA by Genscript. The amino acid sequences of the KWAR23 V-regions are shown in Table S2 .
Protein Expression and Purification. KWAR23 antibody was purified by protein A chromatography (Thermo Fisher Scientific) from hybridoma supernatants grown in CELLine CL1000 bioreactors (Sigma). The IgV domain of human SIRPα and Ig domain of CD47 were prepared from Escherichia coli and Trichoplusia ni (T. ni) insect cells as previously described (45) . Biotinylated SIRPα and CD47 were prepared by in vitro biotinylation of C-terminally avi-tagged (GLNDIFEAQKIEWHE) material using BirA ligase as previously described (45) . Bispecific antibodies were prepared by transient transfection of HEK293F cells using 293Fectin (Thermo Fisher Scientific) according to the manufacturer's instructions and purification by protein A chromatography. KWAR23 Fab fragments were prepared by digestion with immobilized ficin (Pierce) according to the manufacturer's instructions. Undigested antibody and Fc fragments were removed by protein A chromatography, and Fab fragments were further purified by size-exclusion chromatography over a 10/300 S200 column (GE Healthcare). All proteins for in vivo or cellular studies were , and anti-human CD47 antibody (n = 4). Mean ± SEM is shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (unpaired two-tailed Student's t test).
buffer-exchanged into sterile PBS using PD-10 columns (GE Healthcare). KWAR23 Fab/SIRPα IgV complexes for crystallization were prepared by addition of equimolar 8× histidine-tagged SIRPα IgV to ficin-digested KWAR23 Fabs. Complexes were purified by nickel-nitrilotriacetic acid chromatography, digested with Carboxypeptidases A and B (Sigma), and polished by sizeexclusion chromatography with a 10/300 S200 column into HBS [10 mM Hepes (pH 7.4), 150 mM NaCl].
Surface Plasmon Resonance. Experiments were conducted with a Biacore T100 system at 25°C. Protein concentrations were quantified by 280-nm absorbance with a Nanodrop2000 spectrometer (Thermo Fisher Scientific). A Biacore SA sensor chip (GE Healthcare) was used to capture biotinylated SIRPα IgV, allele 1 or 2 [maximal resonance units R max ∼ 200 resonance units (RU)]. An unrelated biotinylated protein was immobilized with an RU value matching that of the reference surface to control for nonspecific binding. Measurements were made with serial dilutions of the KWAR23 Fab in HBS-P+ buffer (GE Healthcare). The surface was regenerated by three 60-s injections of 1 M NaCl. All data were analyzed with the Biacore T100 evaluation software version 2.0, with a 1:1 Langmuir binding model.
Crystallization and Structural Determination of KWAR23/SIRPα IgV Complex. KWAR23 Fab/SIRPα complexes were concentrated to 25 mg/mL in HBS. Crystals were obtained by addition of 0.1 μL of protein to an equal volume of 22% PEG3350, 150 mM ammonium sulfate, and 0.1 M Tris (pH 7.0), and were cryoprotected in mother liquor supplemented with 15% ethylene glycol. Diffraction studies were performed at beamline 12.2 at SLAC National Accelerator Laboratory. Diffraction data were processed with HKL-2000 (46) . The KWAR23/SIRPα IgV complex was solved by molecular replacement with the individual model of the SIRPα IgV domain from the Protein Data Bank (accession code 2JJS) and the Fab from the Protein Data Bank. Refinement was carried out using PHENIX (47) , and model adjustment was performed with Coot (48) . Initial refinement used rigid body, coordinate, and real-space refinement, along with individual atomic displacement parameter refinement. Translation-Libration-Screw (TLS) refinement was added in later refinement iterations. Data collection and refinement statistics are given in Table S1 .
Cell Isolation. Human peripheral blood samples were provided by the Stanford Blood Center. Human peripheral blood mononuclear cells were obtained by density gradient centrifugation using Ficoll-Paque (GE Healthcare Life Sciences), and human monocytes were isolated using human CD14 MicroBeads and LS columns (Miltenyi Biotec). Human neutrophils were isolated by density gradient centrifugation. Briefly, 25 mL of blood was mixed with 5 mL of acid-citratedextrose. Next, 15 mL of 6% dextran/sodium chloride solution was added, mixed, and left for 60 min at room temperature. The top layer containing leukocyte-rich plasma was aspirated and transferred to a new 50-mL conical tube. PBS was added up to 50 mL, and the cells were centrifuged at 200 × g for 12 min. Red blood cells were lysed by resuspending the cell pellet in 6 mL of ice-cold distilled water for 20 s. PBS was added, and the cells were centrifuged at 250 × g for 7 min. Mononuclear cells were removed by density gradient centrifugation (365 × g for 30 min) using Ficoll-Paque. Dead cells were excluded from the analysis by staining with DAPI (Sigma-Aldrich), and the purity was analyzed by an LSRFortessa flow cytometer (BD Biosciences).
Tumor Cells. Burkitt's lymphoma cells (Raji), breast cancer cells (SK-BR-3), colon adenocarcinoma cells (DLD-1, LS-174T, HT-29, and HCT-116), and renal carcinoma cells (Caki-1) were obtained from the American Type Culture Collection (ATCC). The renal carcinoma cell lines RCC4, RCC10, and TK10 were a gift from Amato J. Giaccia (Division of Radiation and Cancer Biology, Department of Radiation Oncology, Stanford University Medical Center, Stanford, CA) (49) . Tumor cell lines were cultured in RPMI 1640 (Thermo Fisher Scientific), McCoy's 5A (modified) medium (Thermo Fisher Scientific), or complete DMEM (GE Healthcare Life Sciences), and supplemented with 10% FBS, 1% penicillin/streptomycin, and 4 mM L-alanyl-L-glutamine. Human macrophages and neutrophils were cultured in Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 10% human serum (Thermo Fisher Scientific). All cell lines and assay cultures were maintained at 37°C and 5% CO 2 .
Cell Labeling. The fluorescent dye CFSE (Thermo Fisher Scientific) was used at a concentration of 1:5,000 to label tumor cells for the phagocytosis and cytotoxicity assays, as described previously (50) .
Design of Bispecific Macrophage-Enhancing Antibodies. Gene block fragments of the V-regions of rituximab and vorsetuzumab, followed by those of KWAR23, in the dual variable domain-Ig format were ordered from IDT and cloned by Gibson assembly into pFUSE-Ig vectors from InVivoGen. The sequences used are described in Table S2 .
Therapeutic Antibodies. The anti-human SIRPα antibody KWAR23 was used at a concentration of 10 μg/mL (in vitro) or 10 mg/kg (in vivo). Anti-CD20 antibodies (rituximab; Genentech and obinutuzumab; Roche), human anti-CD20 isotype collection (Invivogen), anti-EGFR antibodies (cetuximab; Bristoll-Myers Squibb and panitumumab; Amgen), anti-HER2 antibody (trastuzumab; Genentech), anti-CD70 antibody (vorsetuzumab; Seattle Genetics), and the bispecific anti-CD70/KWAR23 antibody were used at a concentration of 10 μg/mL (in vitro) or 10 mg/kg (in vivo) unless otherwise noted. The specificity of KWAR23 for human SIRPα was further tested by a competition assay to evaluate blockade of SIRPα on the surface of THP-1 cells. THP-1 cells were incubated with Alexa Fluor 647-conjugated human CD47 tetramers in the presence of varying concentrations of KWAR23. human serum, 10 ng/mL granulocyte colony-stimulating factor (Peprotech), and 50 ng/mL recombinant human IFN-γ (Biolegend). The cells were analyzed by an LSRFortessa flow cytometer, and the percent relative cytotoxicity was determined using FlowJo software.
Mice. The generation of knockin mice encoding human SIRPA in a 129× BALB/c genetic background was performed in collaboration with Regeneron Pharmaceuticals using VelociGene technology (51) . The mice were crossed to a Rag2 −/− Il2rg −/− background (SRG mice) and were maintained under specific pathogen-free conditions. All animal studies were performed in compliance with Yale Institutional Animal Care and Use Committee protocols. Tumor-infiltrating immune cells were isolated from the tumor xenograft using 10% FBS/RPMI 1640 supplemented with 1 mg/mL Collagenase D in a shaker for 45 min at 37°C.
Flow Cytometry. The analysis of surface molecules was performed using monoclonal antibodies from Biolegend. The following anti-mouse antibodies were used: CD11b (clone: M1/70), CD11c (N418), CD45 (30-F11), CD172a (SIRPα; P84), F4/80 (BM8), Gr-1 (RB6-8C5), Ly6C (HK1.4), and Ly6G (1A8). The following anti-human antibodies were used: CD45 (HI30), CD172a (SIRPα; SE5A5), and CD206 (15-2). Data were acquired by LSRII or LSRFortessa flow cytometers and analyzed using FlowJo software.
Immunofluorescence Staining. Burkitt's lymphoma from SRG mice treated with rituximab and KWAR23 antibody were collected and fixed overnight in 4% paraformaldehyde, transferred to 30% sucrose the following day, embedded in O.C.T. compound (Tissue-Tek), snap-frozen, and stored at −80°C. Sections of the tumors (8-10 μm) were cut on a CM1850 cryostat (Leica Biosystems) and transferred to glass slides (Fisher Scientific). The tissue sections were stained with the following primary antibodies: mouse antihuman CD45 (2D1; Biolegend), rat anti-mouse F4/80 FITC (BM8; Biolegend), and biotinylated recombinant human anti-mouse Ly6G (REA526; Miltenyi Biotec). Goat anti-rat AF488 (Molecular Probes), goat anti-mouse IgG AF594 (Molecular Probes), and streptavidin-AF647 (Life Technologies) were used as secondary antibodies. Nuclei were stained with DAPI. The tumor sections were analyzed on a DMI6000 B epifluorescence microscope (Leica Biosystems).
Statistical Analysis. Statistical analysis was performed using Prism 7 software (GraphPad) and a two-tailed unpaired Student's t test.
